Introduction {#S0001}
============

Carbapenem-resistant Enterobacteriaceae are a major class of bacterial pathogens globally, but studies have focused on the organisms most commonly associated with clinical infections in the United States: *Klebsiella* spp., *Enterobacter* spp., and *Escherichia col*i.[@CIT0001],[@CIT0002] A report from the United States in 2014--2017 described *Serratia marcescens* as a less commonly encountered species that could also show carbapenem resistance by harbouring carbapenem resistance genes such as *bla*~KPC-2~ and *bla*~VIM~.[@CIT0003] Similarly, in China, little attention has been paid to *S. marcescens*, as it is not often encountered in clinical infection. *S. marcescens* has intrinsic resistance to ampicillin and cephalosporins but not to carbapenems.[@CIT0004] However, carbapenem-resistant *S. marcescens* (CRSM) was found harbouring a plasmid-mediated *Klebsiella pneumoniae* carbapenemase (KPC), which potentially increased the complexity of clinical infections in China in 2007.[@CIT0005],[@CIT0006]

As a member of Enterobacteriaceae that was first described in 1819, *S. marcescens* is a gram-negative bacillus and was initially considered a non-pathogenic organism for years. It is characterized by red pigmentation, and the function of this red pigment (prodigiosin) remains unclear because clinical isolates are rarely pigmented.[@CIT0007] In the 19th century, this species was used as a tracer organism and as a biological warfare test agent in the military and was studied in medical experiments.[@CIT0008] However, as reports of clinical infections have emerged and increased, *S. marcescens* is now thought to be an opportunistic pathogen.[@CIT0009] It is an important cause of every conceivable kind of infection, including respiratory tract infection, urinary tract infection (UTI), septicaemia, meningitis, conjunctivitis, endocarditis and wound infections.[@CIT0010]--[@CIT0016] Although *S. marcescens* displayed relatively low virulence, it caused nosocomial infections in immunocompromised patients, both adults and neonates.[@CIT0017],[@CIT0018]

*S. marcescens* often shows carbapenem resistance conferred by *bla*~KPC~-harbouring plasmids of different types.[@CIT0005],[@CIT0019],[@CIT0020] As a result of the resistance of *S. marcescens* to most beta-lactams, clonal dissemination is aggravated, and the difficulty of clinical treatment increases. In this study, we investigated the clonal dissemination and resistance mechanism of 36 non-duplicated CRSM isolates in our hospital between April 2018 and March 2019. The whole-genome sequencing (WGS) method was used for molecular typing of isolates, which was rarely performed before analysing the structure of carbapenemase-producing plasmids. We aimed to clarify the dissemination and carbapenem resistance mechanism of *S. marcescens* in our hospital, which may contribute to clinical treatment and monitoring for infection control.

Materials and Methods {#S0002}
=====================

Isolate Collection {#S0002-S2001}
------------------

Thirty-six CRSM isolates were collected from 36 different patients in Sir Run Run Shaw Hospital, Hangzhou, from April 2018 to March 2019. Species identification was performed by MALDI-TOF mass spectrometry. All CRSM isolates were collected from various wards, including the Department of General Surgery (n=29), ICUs (n=4), the Department of Infectious Diseases (n=1), the Department of Cardiology (n=1), and the Department of Head and Neck Surgery (n=1). Three kinds of specimens were collected, namely, body fluid (n=29), sputum (n=5) and blood (n=2). Most patients were exposed to broad-spectrum antibiotics before the isolate was collected. All isolates were obtained more than 2 days after the patients were admitted to the hospital.

Antimicrobial Susceptibility Testing {#S0002-S2002}
------------------------------------

The minimal inhibitory concentrations (MICs) of the CRSM isolates were determined by the broth microdilution method. Carbapenem resistance was defined as resistance to any carbapenems, including meropenem, imipenem and ertapenem, in accordance with 2019 Clinical and Laboratory Standards Institute (CLSI) guidelines.[@CIT0004] The susceptibility of tigecycline was determined according to US Food and Drug Administration breakpoints for Enterobacteriaceae. *Escherichia coli* ATCC 25922 was used as a quality control strain. The efflux pump inhibitor test was performed as a broth microdilution experiment with or without the inhibitors in combination with meropenem.[@CIT0021]

Pulsed-Field Gel Electrophoresis (PFGE) {#S0002-S2003}
---------------------------------------

Genomic DNA was prepared as described previously with some modifications.[@CIT0022] Isolated colonies were harvested from Mueller-Hinton agar plates after overnight incubation at 37°C, and the suspension was adjusted to a concentration of 10^9^ CFU/mL in cell suspension buffer (100 mM Tris-HCl, 100 mM EDTA, pH=8). After a short incubation of approximately 5--10 mins at 37°C, the bacterial suspension was mixed with an equal volume of 1% Gold Agarose (Lonza, USA) and allowed to solidify in a 100-µL plug mould. The DNA block was incubated overnight at 54°C in 1 mL of cell lysis buffer (50 mM Tris-HCl, 50 mM EDTA, 1% sarcosyl, 100 µg/mL proteinase K, pH=8). To eliminate the lysed bacterial material and inactivate proteinase K activity, the DNA blocks were washed four times at 50°C in 4 mL of Tris-EDTA buffer (100 mM Tris-HCl, 1 mM EDTA, pH=8). A slice of each plug was cut and incubated with SpeI (Takara, Japan). Restriction fragments of DNA were separated by pulsed-field gel electrophoresis (PFGE) with a CHEF MAPPER apparatus (Bio-Rad, USA) through 1% Gold Agarose. Electrophoresis was performed at 6 V/cm and 14°C. The run time was 18 h, with the pulse time ramping from 5 to 60 s. XbaI-digested DNA of *Salmonella enterica* serotype Braenderup H9812 was electrophoresed as the size marker.

Whole Genome Sequencing (WGS) and Resistance Gene Analysis {#S0002-S2004}
----------------------------------------------------------

Thirty-six CRSM isolates were cultured overnight in Mueller-Hinton broth at 37°C for genomic DNA extraction using the QIAamp DNA Mini Kit (QIAGEN, Germany). All the genomic DNAs were sequenced using paired-end 500-bp insert libraries on an Illumina HiSeq X Ten, and the resulting 150-bp Illumina reads were assembled using CLC Genomics Workbench with default settings. To obtain complete genome assemblies, five isolates (C110, 1140, 2838, 3024, and 4201) representing five clone clusters in PFGE were sequenced on the Nanopore MinIon platform. Antibiotic resistance genes were identified by resFinder3.2 ([<https://cge.cbs.dtu.dk/services/ResFinder/>]{.ul}) with the default threshold.

Core Genome Multilocus Sequence Typing (cgMLST) {#S0002-S2005}
-----------------------------------------------

To improve the accuracy of the PFGE typing method, a local core genome multilocus sequence typing (cgMLST) scheme was established following the guide for Ridom SeqSphere+ software ([<http://www.ridom.de/seqsphere/tutorials/index.shtml>]{.ul}). A task template of 4847 targets for cgMLST and 400 targets as accessories was established by importing assembly files of all isolates except isolates 3024 and 4201. Then, all assembly files of the 36 isolates were imported into the created database, and a comparison table was generated. Finally, a minimum spanning tree was generated by ignoring missing values.

Conjugation Experiment {#S0002-S2006}
----------------------

After incubation for 4--6 h, NaN~3~-resistant *E. coli* J53 was used as the recipient strain (100 µL) mixed with the recipient strain (100 µL), and filter mating was performed for 16--18 h at 37°C. Then, the mixture on the filter membrane was inoculated into plates containing NaN~3~ (300 µg/mL, Sangon, China) supplemented with ampicillin (100 µg/mL, Sangon, China) for 24 h at 37°C. The colonies that grew on the selection plates were picked and identified by PCR and MALDI-TOF mass spectrometry.

Analysis of the Genetic Structure Surrounding *bla*~KPC-2~ {#S0002-S2007}
----------------------------------------------------------

The related *bla*~KPC-2~-harbouring plasmids were identified by BLAST in NCBI ([<https://blast.ncbi.nlm.nih.gov/Blast.cgi>]{.ul}). The open reading frames (ORFs) were predicted by the RAST system ([<http://rast.nmpdr.org/>]{.ul}). The mobile genetic elements (MGEs) were determined by ISfinder ([<https://www-is.biotoul.fr/blast.php>]{.ul}), and figures were drawn with CLC Genomics Workbench. The sequencing data for the 36 isolates have been deposited at DDBJ/ENA/GenBank under the accession numbers WUUW00000000-WUWF00000000 and CP047679-CP047693.

Results {#S0003}
=======

Dissemination and Distribution of CRSM {#S0003-S2001}
--------------------------------------

There were a total of 36 nonduplicated CRSM isolates collected from our hospital from April 2018 to March 2019. All isolates were divided into 5 clusters by the PFGE typing method and named from cluster A to cluster E ([Figure 1A](#F0001){ref-type="fig"}). Thirty-four of the 36 CRSM isolates were divided into clusters A, B and C with similarity values of 94.167%, 81.807% and 92.327%, respectively. There was only one isolate each in cluster D (isolate 3024) and cluster E (isolate 4201), and the similarity values of isolates 3024 and 4201 were significantly lower than those of the other three clusters. As seen in the minimum spanning tree generated by a local cgMLST scheme ([Figure 1B](#F0001){ref-type="fig"}), isolate 3024 (in green) and especially isolate 4201 (in purple) were quite distant from the other isolates, as predicted by the PFGE typing method. In addition, 4 isolates (in red box) differed from isolates C83 and C91 (in red) with no less than 14 allelic genes, similar to isolate 3024. Furthermore, the collection times of all isolates could be divided into 5 periods, which corresponded to the 5 clusters.Figure 1The Molecular typing of 36 carbapenem-resistant *Serratia marcescens* (CRSM) isolates by two methods. (**A**). Pulsed-field gel electrophoresis (PFGE) typing. The isolates were divided into 5 cluster types including cluster A, B, C, D and E based on the cutoff values. (**B**). The local ad hoc scheme of Core genome multilocus sequence typing (cgMLST). Isolates with no less than 14 different allelic genes were identified as follows: C60, 3717, 3460 and 3725 (in red boxes), 3024 (in green), 4201 (in purple).

Upon additionally considering clinical information, 33 of the 36 isolates from the same clone were collected from the Department of General Surgery and ICU, which were the main regions of clonal dissemination and distribution. Notably, the isolate with the most significant difference in molecular typing, isolate 4201, was derived from a patient once transferred from the Department of Cardiac Surgery to the ICU after valve replacement surgery. Since it was the only case found in the ICU, we suggest that it was a special clone type that originated from the Department of Cardiac Surgery.

Antibiotic Resistance Mechanism of CRSM {#S0003-S2002}
---------------------------------------

All 36 CRSM isolates were highly resistant to carbapenems, including meropenem, imipenem and ertapenem, but were almost susceptible to amikacin and especially tigecycline ([Table 1](#T0001){ref-type="table"}). PCR and a modified carbapenem inactivation method (mCIM)[@CIT0004] revealed that 33 of the 36 CRSM isolates were KPC-producing isolates. The WGS data were used to investigate the diversity of the antibiotic resistance genes carried by the 36 CRSM isolates ([Table 2](#T0002){ref-type="table"}). It was demonstrated that *bla*~KPC-2~ was the only carbapenemase gene in 33 of the isolates. In 3 carbapenem-resistant isolates without any carbapenemase genes, the outer membrane proteins ompF and ompC were not detected, while the beta-lactamases SRT-1 and CTX-M-14 were overexpressed ([[Supplementary Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=243197.docx)]{.ul}). Moreover, the efflux pump inhibitor test based on antimicrobial susceptibility testing was performed for the 36 isolates. This test demonstrated that the MICs of meropenem for most of the isolates decreased by one- or two-fold after the inhibitor was added.Table 1The MIC Distribution of 36 CRSMAntibiotic (μg/mL)MEMIPMETPCAZFOXCTXFEPATMCIPAKTGCCAV/AVIMIC~50~51210245123251220481024\>204816411/4MIC~90~51210241024645122048\>2048\>204832822/4MIC range64--1024128--102464--10248--6464--1024512--204832-\>2048128-\>2048\<0.125--642--320.5--160.5--2/4[^1] Table 2The Distribution of Antibiotic Resistance Genes in 36 CRSM IsolatesresGene(s)Beta-LactamasesQuinoloneAminoglycosideTetracycline*bla*~KPC-2~*bla*~CTX-M-14~*bla*~SRT-1~*(bla*~SST-1~)*qnrS1(qnrD1)aac(3)-IIdaac(6ʹ)-Ictet(41)*NO. of isolates332135(1)34(1)35361LocationPCCP+CCCC[^2]

Resistance to carbapenems was successfully transferred from 33 *bla*~KPC-2~-harbouring isolates to the *E.coli* J53 recipient, except isolates C112 and 4201, by conjugation experiments. The meropenem, imipenem and ertapenem MICs of the transconjugants were in the range of 1--8 µg/mL, which indicated a slight increase compared to *E. coli* J53. Meanwhile, all transconjugants remained susceptible to amikacin and tigecycline ([Table 3](#T0003){ref-type="table"}). In addition, the transconjugants were also resistant to ceftazidime but remained susceptible to ciprofloxacin (CIP), with a slight increase in the MIC.Table 3Antibiotic Susceptibilities of Transconjugants and *E. coli* J53MIC Range (μg/mL)31 TransconjugantsJ53MEM1--8\<0.5IPM1--4\<0.25ETP2--8\<0.25CAZ8--32\<0.25AK4--84TGC0.25--0.50.25CIP0.125--0.5\<0.015625[^3]

General Characteristics of *bla*~KPC-2~-Harbouring Plasmids {#S0003-S2003}
-----------------------------------------------------------

The *bla*~KPC-2~ gene was found in 33 isolates and localized on an \~78--104 kb plasmid by a S1 Southern blot ([[Supplementary Figure S2](https://www.dovepress.com/get_supplementary_file.php?f=243197.docx)]{.ul}). Long-read sequencing data of five isolates were assembled, and the characteristics of the chromosomes and plasmids are listed in [Table 4](#T0004){ref-type="table"}. Each isolate contained a large plasmid (*bla*~KPC-2~ harbouring) and a small plasmid (no resistance gene found) in addition to a chromosomal genome with a length of \~5.4 Mbp. The reads were mapped to the reference genome in CLC Genomics Workbench, and 31 *bla*~KPC-2~-harbouring plasmids of the same size had the same sequence as the *bla*~KPC-2~-harbouring plasmid from isolate C110 (subsequently named pC110-KPC), which was 103.167 kb in size. The *bla*~KPC-2~-harbouring plasmids from isolate 3024 and isolate 4201 (subsequently named p3024-KPC and p4201-KPC) had lengths of 103.175 kb and 94.056 kb, respectively.Table 4Characteristics of the Nanopore-Sequenced Genome Assembly of Five CRSMIsolatesGenomePlasmid 1Plasmid 2Length (bp)resGeneLength (bp)RepliconresGeneLength (bp)RepliconresGeneC1105427741*bla*~CTX-M-14~*, bla*~SRT-1~*, qnrS1, aac(3)-Iid,aac(6ʹ)-Ic*103167‒*qnrS1, bla*~KPC‒2~2953‒‒11405429004*bla*~CTX-M-14~*, bla*~SRT-1~*, qnrS1, aac(3)-Iid,aac(6ʹ)-Ic*103167‒*qnrS1, bla*~KPC‒2~2953‒‒28385416416*bla*~SRT-1~*, qnrS1, aac(3)-Iid,aac(6ʹ)-Ic*103167‒*qnrS1, bla*~KPC‒2~2953‒‒30245428813*bla*~CTX-M-14~*, bla*~SRT-1~*, qnrS1, aac(3)-Iid,aac(6ʹ)-Ic*103175‒*qnrS1, bla*~KPC‒2~2953‒‒42015331789*bla*~SST-1~*, aac(6ʹ)-Ic,tet(41)*94056‒*bla*~KPC‒2~2953‒‒[^4]

pC110-KPC was a closed circular DNA with a size of 103167 bp and belonged to incompatibility group F. It contained 138 predicted ORFs with an average G+C content of 54.2%. A BLAST search in NCBI revealed that plasmid pC110-KPC shares high identity with the previously reported IncF plasmids pSZF_KPC (accession no. MH917122.1)[@CIT0023] and p628-KPC (accession no. KP987218.1),[@CIT0024] both of which were from a *K. pneumoniae* isolate found in China, with 94% query coverage and \>99% nucleotide identity ([Figure 2A](#F0002){ref-type="fig"}). The *bla*~KPC-2~-harbouring plasmids from isolates 1140 and 2838 were exactly the same as pC110-KPC. Plasmid p3024-KPC was 8 bp longer than pC110-KPC as a result of a short base segment (TATCTTGT) inserted into position 2476--2477 of pC110-KPC. Plasmid p4201-KPC was 94056 bp in length and contained 122 predicted ORFs with an average G+C content of 53.1%. It was similar (95% query coverage and \>99% nucleotide identity) to pHS091147 (accession no. KX236178.1)[@CIT0025] from a *K. pneumoniae* isolate found in China ([Figure 2B](#F0002){ref-type="fig"}).Figure 2The circular maps of pC110-KPC and p4201-KPC. (**A**). The circle in yellow represented plasmid pC110-KPC, in orange represented pSZF_KPC, in red represented p628-KPC. (**B**). The circle in purple represented p4201-KPC, in blue represented pHS091157. The peak map in (**A**) and (**B**) represented the GC content of plasmid pC110-KPC and p4201-KPC respectively. Arcs in grey indicate the position of *bla~KPC~* and *bla~qnr~* in plasmids pC110-KPC and p4201-KPC. The maps were created by Brig v0.95.

Genetic Environment of the *bla*~KPC-2~ Gene {#S0003-S2004}
--------------------------------------------

All *bla*~KPC-2~-harbouring plasmids in this study belonged to the non-Tn4401 structure type, which was defined as *bla*~KPC~-bearing non-Tn4401 elements (NTE~KPC~) as previously reported.[@CIT0026] In fact, the surrounding structure of *bla*~KPC-2~ was considered to result from the integration of a partial Tn*4401* structure and an intact IS*26*. The ORFs are ordered as follows ([Figure 3](#F0003){ref-type="fig"}): IS*26*, Tn*3*-resolvase, IS*Kpn27*, the *bla*~KPC-2~ gene, and the IS*Kpn6*-like element. This structure was the same as that in plasmid pKPHS2 (accession no. CP003224),[@CIT0027] except for a point mutation (C→T) ([Figure 3](#F0003){ref-type="fig"}). Plasmid pKPHS2 was from a *K. pneumoniae* isolate and had a similar backbone as another *K. pneumoniae* plasmid, pKP048 (accession no. FJ628167),[@CIT0028] and both of these plasmids were found in China. The surrounding structure of *bla*~KPC-2~ in plasmid pKP048 lacked IS*26* with an incomplete *tnpR* gene compared to plasmid pC110-KPC, which we considered to be a result of gene recombination.Figure 3A schematic diagram of the genetic structure surrounding *bla*~KPC-2~. The genetic structure surrounding *bla*~KPC-2~ in the plasmid pC110-KPC represented all plasmids harbouring *bla*~KPC-2~ in this study. The positions indicated by orange lines are the point mutation positions at which C and T are in plasmids pC110-KPC and pKPHS2, respectively. The direction of the arrow represents the direction of transcription.

Coexistence of the Quinolone Resistance Gene *qnrS1* with *bla*~KPC-2~ {#S0003-S2005}
----------------------------------------------------------------------

Other types of resistance genes were identified from the genome sequences, including *bla*~CTX-M-14~,*bla*~SRT-1~ *(bla*~SST-1~*), qnrS1 (qnrD1), aac(3)-IId, aac(6ʹ)-Ic, and tet(41)*, among which *qnrS1* was the only resistance gene located on a *bla*~KPC-2~-harbouring plasmid ([Table 2](#T0002){ref-type="table"}). There was an \~6-kb region comprising a quinolone resistance gene (*qnrS1*) and an intact *ISKpn19* \~8 kb downstream of *bla*~KPC-2~ on plasmids ([[Figure S3](https://www.dovepress.com/get_supplementary_file.php?f=243197.docx)]{.ul}). In addition, gene *qnrS1* was also located in the chromosome of most isolates.

Discussion {#S0004}
==========

Carbapenem-resistant *S. marcescens* strains are distributed and disseminated globally, and the positivity rate has increased since China has been the epidemic region for carbapenem-resistant Enterobacteriaceae (CRE). Several studies on the clonal dissemination of *S. marcescens* were previously reported.[@CIT0017],[@CIT0029],[@CIT0030] However, this was the first study that utilized WGS to gain insight into antibiotic resistance genes and MGEs in CRSM isolated from different patients in China.

WGS has emerged as an ultimate typing tool suitable for any bacterial species, study type, and laboratory.[@CIT0031] cgMLST has been proposed as a very useful and practical method based on WGS to distinguish isolates within epidemic settings and between epidemic and unrelated specimens.[@CIT0032] As there was no public database of cgMLST for *S. marcescens*, we established a local cgMLST scheme using Ridom SeqSphere software. By cgMLST, four isolates were distinguished from PFGE typing. The results of cgMLST differed from those of PFGE typing, which improved the accuracy of molecular typing and was attributed to the high sensitivity of cgMLST.

It was reported[@CIT0033] that the mechanisms of beta-lactam resistance in *S. marcescens* include the production of beta-lactamases, diminished outer membrane permeability, modification of the target penicillin-binding proteins (PBPs), overexpression of active efflux systems, synthesis of aminoglycoside-modifying enzymes, and structural alteration of the GyrA protein. The mechanism of carbapenem resistance in the CRSM isolates was divided into four types:[@CIT0034] carbapenemase production, functional efflux pump systems, diminished permeability of the outer membrane and alteration of PBP targets. Since carbapenemase production was the dominant type referred to in most in related reports,[@CIT0029],[@CIT0030],[@CIT0035] KPC production was the most frequent type observed in our study. The resistance mechanism of the efflux pump in 3 isolates without *bla*~KPC-2~ did not play the main role. In addition, we also evaluated the outer membrane porins (ompF and ompC), which are related to antimicrobial resistance. Based on the results ([[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=243197.docx)]{.ul}) and a previous report,[@CIT0036] it was suggested that the carbapenem resistance of the 3 isolates without *bla*~KPC-2~ was predominantly mediated by the overexpression of SRT-1 and CTX-M-14 combined with porin loss.

In China, *S. marcescens*-harboured *bla*~KPC-2~ was first described on a conjugative plasmid in 2007, and since then, related reports have emerged. The sizes of plasmids harbouring *bla*~KPC-2~ in *S. marcescens* varied from 50 kb to 118 kb, and the plasmid types were IncF, IncK, IncL/M and IncX, most of which were conjugative.[@CIT0019],[@CIT0020],[@CIT0023],[@CIT0029] In this study, we found that most of the plasmids were \~103 kb in length and belonged to the IncF incompatibility group, which was not previously reported. Through WGS analysis against the NCBI database, we hypothesized that all of the plasmids were derived from *K. pneumoniae* isolates in China. All of the *bla*~KPC-2~-harbouring plasmids were successfully transferred except plasmids from isolates C112 and 4201. The carbapenem MICs of the transconjugants increased but not significantly, probably because of the low copy numbers of the plasmids. The slight increase in the CIP MIC was due to the qnrS gene carried by the *bla*~KPC-2~-harbouring plasmids.

Since *bla*~KPC-2~ could be transferred frequently either by plasmids or by integrative and conjugative elements (ICEs) and insertion elements (ISs), confirming the genetic structure surrounding *bla*~KPC-2~ can contribute to monitoring the horizontal transfer of *bla*~KPC-2~ and the evolution process of *bla*~KPC-2~-harbouring plasmids. The most common *bla*~KPC-2~-containing mobile element is a Tn*3*-based transposon, Tn*4401*. All CRSM isolates harbouring *bla*~KPC-2~ in this study possessed the same structure surrounding the *bla*~KPC-2~ gene as pC110-KPC, as shown in [Figure 3](#F0003){ref-type="fig"}. This structure was defined as the NTE~KPC~-Ib group, which was represented by plasmid pKPHS2.[@CIT0026] There was only one base difference between pC110-KPC and pKPHS2. Based on the timeline, it was suggested that the former was probably derived from the latter by point mutation.

As WGS showed, *qnrS1* was the only resistance gene located on the *bla*~KPC-2~-harbouring plasmids. The *qnrS1*-harbouring segment was widely distributed in plasmids from *K. pneumoniae*; however, this segment did not occur in plasmid p4201-KPC or in plasmids pSZF_KPC and p628-KPC. The combination of the similar genes *qnrS1* and *IS*Kpn19 was also found in *E. coli* as previously reported.[@CIT0037] It was indicated that the segment could have been transferred among *bla*~KPC-2~-harbouring plasmids and chromosomes from different strains, and this was probably the way the multi-resistant plasmid evolved.

All isolates collected in this study were confirmed to be resistant to most beta-lactams, including carbapenems, but were susceptible to tigecycline and amikacin ([Table 1](#T0001){ref-type="table"}). Although most of the patients with CRSM could not be clearly diagnosed with infection or colonization by CRSM because of the complex clinical situation, they recovered after administration of tigecycline and amikacin, which were often combined with beta-lactams. Furthermore, all isolates were susceptible to ceftazidime avibactam (CAZ/AVI), as determined by the broth microdilution method, which provides a strong possibility of combination therapy as previously reported.[@CIT0038],[@CIT0039]

Characterization of the dissemination and carbapenem resistance mechanism of *S. marcescens* in our hospital showed that there were still some limitations in this study. All isolates were collected from the patients of a single center and none was collected from the ward environment in the hospital, so the sample size was limited for a more detailed investigation. Because a public MLST or cgMLST database has not been established to date, the isolates in our study cannot be officially defined and compared among different laboratories.

Conclusion {#S0005}
==========

In this study, CRSM isolates were mainly clonally disseminated with a *bla*~KPC-2~-harbouring plasmid in a nosocomial environment. The gene structure surrounding *bla*~KPC-2~, as well as the qnr segment, might be acquired by horizontal gene transfer, and it could aggravate the infection and increase the difficulty of clinical treatment. Since MGEs containing carbapenem resistance genes are commonly associated with horizontal gene transfer, further study is required.
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[^1]: **Abbreviations:** CRSM, carbapenem-resistant *Serratia marcescens*, MIC, minimum inhibitory concentration; MEM, meropenem; IPM, imipenem; ETP, ertapenem; CAZ, ceftazidime; FOX, cefoxitin; CTX, cefotaxime; FEP, cefepime; ATM, aztreonam; CIP, ciprofloxacin; AK, amikacin; TGC, tigecycline; CAV/AVI, ceftazidime avibactam.

[^2]: **Abbreviations:** CRSM, carbapenem-resistant *Serratia marcescens*, P, plasmid; C, chromosome.

[^3]: **Abbreviations:** MIC, minimum inhibitory concentration; MEM, meropenem; IPM, imipenem; ETP, ertapenem; CAZ, ceftazidime; CIP, ciprofloxacin; AK, amikacin; TGC, tigecycline.

[^4]: **Abbreviations:** CRSM, carbapenem-resistant *Serratia marcescens*, bp, base pair; ‒, not found by plasmidFinder and resFinder on CGE website.
